1. Introduction {#s0005}
===============

Impaired attention is the most common and debilitating cognitive deficit following traumatic brain injury (TBI), leading to rehabilitation barriers and long-term disability ([@bb0305], [@bb0005], [@bb0025]). Chronic deficiencies selective to executive attention, such as the capacity to monitor and resolve conflict ([@bb0105]), have been demonstrated in both mild and severe TBI ([@bb0135], [@bb0275]). Lesion and neuroimaging studies have linked these impairments, measured using tests of conflict processing, to focal cortical and white matter damage in the medial frontal ([@bb0245]), fronto-parietal ([@bb0160]), fronto-striatal ([@bb0145]) and thalamic regions ([@bb0185], [@bb0330], [@bb0200], [@bb20170]). However, these correlations with structural injuries alone do not provide insight into the underlying pathophysiological mechanisms associated with executive attention deficits after TBI.

In severe TBI and related structural brain injuries, the selective functional vulnerability of anterior forebrain systems has been accounted for by a mesocircuit hypothesis that links the graded deafferentation of central thalamic neurons ([@bb0220]) to behavioral outcomes as a result of their specializations for activation of frontal and striatal neuronal populations ([@bb0290], [@bb0115], [@bb0205]). Neurons within the central thalamus have extensive afferent connections to the anterior cingulate (ACC) ([@bb0020]) and provide important complementary support to frontal cortical contributions during sustained attention ([@bb0180], [@bb0255]). This is supported by evidence of joint increases in theta power and decreases in beta power in the local field potentials of central thalamic neurons that project to medial frontal populations during the short-term allocation of sustained attention in non-human primate studies ([@bb0295]). Human subject studies of short-term attention also demonstrate increased blood flow in the central thalamus during attentional shifts in visual attention reaction time tasks ([@bb0180]), comparable BOLD activity increases in both ACC and central thalamus during forewarned reaction time tasks ([@bb0235]), and indexing of performance by co-variation of decreasing blood flow within the ACC and central thalamus during auditory attention tasks performed over long vigils ([@bb0255]). The continuity of this account of the role of the anterior forebrain mesocircuit network in cognitive impairment after TBI is more specifically supported by recent studies that correlate focal neuronal damage within medial frontal cortices, anterior cingulate, and the thalamus with executive function measures using ^11^C Flumazenil-PET and ^18^FDG-PET measurements ([@bb0170], [@bb0175]).

The goal of the present study is to obtain a direct and quantifiable measure of attention specific neuronal activity that reflects the pathophysiology at the individual level in TBI subjects. We hypothesize that executive attention performance reflects the integrity of anterior forebrain resources known to be vulnerable to TBI and that EEG dynamics can provide a direct measure of their functional engagement. Here, we combine the well-vetted Attention Network Test (ANT) paradigm ([@bb0105], [@bb0100]), which measures three attention networks - alerting, orienting, and executive, with simultaneously measured EEG. Executive attention, also known as conflict attention, is supported by specific brain regions including the anterior cingulate, medial frontal, lateral prefrontal cortices and striatum ([@bb0265]). The EEG dynamics during the ANT have been reported before in healthy subjects ([@bb0090]) and in a comparison of young and elderly subjects ([@bb0070]), but not to our knowledge in subjects with brain injury.

Here we develop a novel methodology of EEG analysis to reveal the pathophysiology at the individual subject level; because the TBI subjects in our study have heterogeneous structural damage, we do not source model the scalp signal to predefined regions of interest ([@bb0090]) or average across the subjects ([@bb0075]). Instead, we employ principal component analysis (PCA) to reduce data dimensionality and as a way to filter and identify unique dynamical elements that grade with measured behavior. Taking this approach, we find evidence for a physiological measure that indexes performance at the individual subject level and has a direct mechanistic interpretation in the context of traumatic brain injuries.

2. Materials & methods {#s0010}
======================

2.1. Subjects {#s0015}
-------------

Thirteen participants who had sustained a TBI were recruited at the JFK-Johnson Rehabilitation Institute in Edison, NJ. All TBI subjects had sustained a TBI (mild, moderate or severe) as a result of a blow to the head followed by a loss of consciousness or period of being dazed and confused, a period of post-traumatic amnesia, or clinical signs of altered neurological function. Based on prior neuropsychological evaluation or self-report with medical documentation of TBI, at the time of the experiment, all 13 participants had persistent cognitive difficulties of varying severity. We only included subjects who were at least 6 months post-TBI. We excluded subjects who had a history of drug or alcohol abuse, and visual, auditory, and/or motor impairments that would interfere with cognitive testing. Clinical profiles of the TBI subjects are shown in [Table 1](#t0005){ref-type="table"}. Injury severity was calculated using the American Congress of Rehabilitation Medicines guideline ([@bb0280]), which uses the duration of alteration of consciousness. All participants were oriented to time, place, and person, spoke English, and were able both to provide informed consent and to complete questionnaires and cognitive testing. Twenty-four control subjects with no history of neurological disease (mean age 43 years, range 23--65 years; 20 males) also participated in the study. The control subjects were age-matched to the TBI subjects as follows. For each of 11 TBI subjects, 2 age-matched control subjects (± 5 years) were included (n = 22). For 2 TBI subjects, 1 age-matched control subject each (± 5 years) was included (n = 2). Both the Weill Cornell Medical College Institutional Review Board and the JFK-Johnson Rehabilitation Institutional Review Board approved the studies described herein. Written consent was obtained from all study participants.Table 1Patient demographics.Table 1IDGenderEducation (yrs)Age at time of injuryInjuriesLoss of consciousnessAltered consciousnessPost-traumatic amnesiaInjury severity scorePost-injury (months)1M1220120 min24 h2 months1242F134713--4 daysMinimal1.5 months393M1421122 days2 days2 weeks364M1650230 min\> 7 days60 min285M186232 min1 hSeconds1166F15611\< 30 min3 days01897M14613\< 30 min30--60 min0188M164825\< 20 min6 months30 min1319M124932 monthsUnknownUnknown3810F17513Few min\> 30 min\> 30 min24611M192931 monthFew monthsUnknown32512M12193\> 30 min\> 30 min\> 30 min22513F1243110 days2 months2 months328

2.2. Attention network test {#s0020}
---------------------------

Subjects performed the ANT paradigm ([@bb0105]), shown in [Fig. 1](#f0005){ref-type="fig"}, which is designed to examine three attention networks: 1) alerting, 2) orienting, and 3) executive. The ANT was presented using Eprime (Psychology Software Tools) on a standard flat screen monitor. The total duration of the experimental session was approximately 25 min. The ANT began with a training block of 24 trials with feedback on performance, followed by three blocks of 96 trials, each, with no feedback. Each trial began with a variable fixation period during which the subject fixated on a cross on the center of the screen. There were three cue conditions that preceded the target -- no cue, center cue and spatial cue (96 trials each). Both center and spatial cues preceded the target by a fixed time (400 ms). Center cue gave subjects information about timing of the upcoming target, while spatial cues additionally alerted subjects to location of the subsequent target (i.e. above or below fixation). Following this, a set of 5 arrows was presented above or below center fixation. There were two target conditions -- congruent (all arrows point in the same direction) and incongruent (center arrow in opposite direction to flanker arrows) (144 trials each). Subjects were asked to push the left or right mouse button indicating the direction of the target (center) arrow. The trials were randomized to present all possible combinations of the three cue and two target conditions. All trials were self-paced, and subjects took brief breaks between the blocks if needed.Fig. 1Attention Network Test. Network scores are calculated as differences in median reaction times (RT) from all accurate trials as follows: Alerting = RT no cue − RT central cue; Orienting = RT central cue − RT spatial cue; Executive = Incongruent − Congruent.Fig. 1

Reaction time (RT) was calculated as the time interval between target onset and response button press. Accuracy was defined as the percentage of correct responses. Following the standard approach ([@bb0100]), we calculated *network measures* by subtracting median reaction times between contrasting trials, as follows: 1) alerting = RT~no\ cue~ − RT~central\ cue~; 2) orienting = RT~center\ cue~ − RT~spatial\ cue~; and 3) executive = RT~incongruent\ flanker~ − RT~congruent\ flanker~. While larger alerting and orienting measures indicate faster cue-related performance, larger executive measures indicate worse performance (longer time to resolve conflict).

2.3. EEG acquisition and overview of analysis {#s0025}
---------------------------------------------

Electroencephalographic data were recorded from 129 scalp sites using the Geodesic EEG Net Station (EGI, Eugene, OR) with the 129-channel Geodesic Sensor Net ([@bb0325]). The impedance of all electrodes was \< 75 kΩ at the beginning of the recording. The signals were sampled at 250 samples per second and filtered from DC to 100 Hz. ANT-related visual stimuli and button presses were marked in the continuous EEG file.

Spectral analysis of the EEG was performed with in-house software written in Matlab (The Mathworks, Natick, MA). EEG was first segmented into epochs based on markers time-locked to cue and/or target onset. Epochs with significant artifact from line noise, eye blink, or muscle activity (as determined by visual inspection) were removed. EEG signals were next converted to the Hjorth Laplacian montage (HLM) ([@bb0150]), a well validated method for computing the surface Laplacian ([@bb0055], [@bb0125], [@bb0215]). To make this conversion, we calculated the difference between the voltages at each individual electrode placement and the weighted average (at the same time point) of the voltages at the surrounding electrodes (four nearest neighbors for electrodes on the interior of the array; three for electrodes on the edge). The power spectral density for each HLM channel was then calculated separately for each epoch using Thomson\'s multitaper method ([@bb0310], [@bb0260], [@bb0230]), as implemented by mtspectrumc in the Chronux Matlab toolbox ([@bb0225]). The multitaper method is designed for non-stationary data (see [@bb0015] for review) and is the preferred method for obtaining precise frequency resolution ([@bb0340]). EEG data is multiplied by Slepian windows (tapers), which are designed to suppress sidelobe power associated with neighboring frequencies. Use of the multitaper method allows for optimal tradeoff between bias and variance in spectral estimation ([@bb0015]). Only the 76 channels based on the 10--10 numbering system were used for further analysis as the electrodes on the face/neck are generally more affected by EMG artifact.

2.4. EEG analysis of task activity (ANT conditions) {#s0030}
---------------------------------------------------

We analyzed each individual condition type (i.e., no cue, center cue, spatial cue, congruent, and incongruent) by contrasting the activity after the condition marker to the immediately preceding baseline (within each trial) as was done before ([@bb0070]). First, the 288 trials were separated by each of the five conditions: cue (no cue, center cue, or spatial cue: 96 trials each) and target type (congruent or incongruent: 144 trials each). Then EEG data were epoched (Supplementary Fig. 1) as follows: a) congruent and incongruent conditions - 400 ms before and after target, b) no, spatial and center conditions - 800 ms before target and then cut into two 400 ms segments (i.e. 400 ms before and 400 ms after cue).

The 400 ms epoch, for the congruent and incongruent conditions, was chosen because the minimum reaction time of the control and TBI groups were 478 and 640 ms respectively. The average reaction times for each group were 609 ms and 815 ms. Because our goal is to restrict the measured physiological activity to *only* response planning as opposed to motor activity (reaction time/button press) and to allow comparison between controls and TBI subjects, we restrict the analysis to 400 ms. Restricting to 400 ms allows for an adequate comparison of post-target to baseline (see [Fig. 1](#f0005){ref-type="fig"}, baseline is 400 ms between cue marker and target marker). Therefore, the same number of data samples was available (400 ms before and after) to guarantee the use of the same number of data tapers and same frequency resolution of the analysis using multi-taper power spectral analyses.

For each of the conditions, power spectra were calculated separately for each 400 ms segment (see Supplementary Fig. 8 for spectral estimates from all 13 TBI subjects) and then the log power spectra measured from the baseline (first 400 ms) was subtracted from the latter segment (400 ms after cue or target). We choose as baseline the immediately preceding 400 ms, rather than a predefined resting state, as it controls for overall changes in state (e.g. drowsiness or artifact). For the multi-taper spectral analysis one taper was used, resulting in a frequency resolution of 5 Hz and estimates equally spaced 2.5 Hz apart ([@bb0225]). Further analysis was restricted to the frequencies 2.5 to 20 Hz to avoid overlap with frequencies typically contaminated with artifact (eye blink below 2.5 Hz and muscle above 20 Hz). Results of analyses including gamma (up to 50 Hz) are shown in Supplementary Fig. 3.

The above described analysis pipeline is in contrast to a previous study by Fan et al., where they first modeled the EEG scalp data to pre-defined sources ([@bb0090]) before contrasting between the conditions (please see Supplementary data Section 4, Supplementary 4, for results of similarly contrasting between executive conditions). Because the TBI subjects in our study had heterogeneous structural damage, we did not source model the scalp signal to predefined regions of interest or average across the subjects.

2.5. Principal component analysis (EEG spectra -- ANT conditions) {#s0035}
-----------------------------------------------------------------

Principal component analysis (PCA) is a standard statistical tool that derives orthogonal components that can be used for feature extraction and data reduction ([@bb0165]). Here, we use PCA to reduce dimensionality of the EEG dataset and explore the relationship between each subject\'s EEG and the measured ANT behavior. Each subject\'s EEG dataset is represented as 76 electrode channels with 8 frequencies each. By employing PCA, we reduce dimensionality and quantify the spatial-frequency patterns of covariance within each group. By conducting PCA on the TBI group (13 TBI subjects × 76 channels × 8 frequencies), we extract principal components that explain the variance across the group (in descending order). We then represent each TBI subject\'s (spatial-frequency power in individual EEG dataset) in each of the extracted principal component\'s space by multiplying with the extracted principal components. This representation of individual subjects, in each principal component space, can then be evaluated for a relationship with measured behavior (ANT). However, because we evaluate every extracted principal component for a relationship with behavior we further evaluate the significance of our findings through a correction for multiple comparisons (see Results [Section 3.3.2.3](#s0085){ref-type="sec"}). Without the application of PCA, each of the varying factors (e.g. 1 freq band per EEG channel) would need to be examined for a relationship with behavior either individually (13 × 8 × 76 in TBI subjects alone) or only averaged across subjects, channels or frequency bands. Our approach is in contrast to previously conducted studies that report on the average EEG of a group and do not report on EEG dynamics specific to individual behavioral performance ([@bb0090], [@bb0070]).

This analysis was conducted, first, separately for each condition type (i.e., congruent, incongruent, no-cue, spatial-cue and center-cue). The log spectral power values of the post-cue/target period (with pre-cue/target baseline subtracted as described above) for the frequencies at 2.5 Hz to 20 Hz were used for all subjects. For each group and each condition, we created a data matrix with the columns consisting of the spectral power at each frequency band, for each of the 10--10 scalp locations (i.e., 8 frequencies × 76 channels), and the rows of the matrix corresponding to the subjects (24 control subjects or 13 TBI subjects).

For TBI subjects, the matrices for congruent and incongruent flanker conditions (used to measure the executive network) were first analyzed separately - 8 × 76 columns and 13 rows for TBI subjects. Due to comparable results (see Results [3.3.2.1](#s0075){ref-type="sec"}), the conditions were combined. The combined matrix for TBI group had 8 × 76 columns and 13 × 2 (congruent and incongruent) rows.

We also conducted a similar analysis to explore the contrast between conditions (congruent-incongruent) as reported by other investigators using source modeled data (not raw electrode data) ([@bb0090]). We report these results in the Supplementary data (Supplementary Section 4, Supplementary Fig. 4). Our results demonstrate the lack of sensitivity for analyses of raw scalp (electrode) EEG power to detect meaningful changes between congruent and incongruent conditions (also reported in [@bb0090]).

2.6. Statistical analysis {#s0040}
-------------------------

Unless otherwise noted, comparisons of *ANT network behavior* are based on unpaired *t*-tests, two-tailed, and p-values \< 0.05 are described as significant. Correlation between PCs and ANT behavior was also implemented in Matlab, using the code corrcoef, with the p-value calculated by converting to a t-statistic. All analyses were implemented in Matlab.

3. Results {#s0045}
==========

3.1. Accuracy and reaction time {#s0050}
-------------------------------

For all subjects, [Fig. 2](#f0010){ref-type="fig"} summarizes the behavioral results. [Fig. 2](#f0010){ref-type="fig"} (top left) shows the performance on the ANT for 24 control subjects and 13 TBI subjects. Across both groups, accuracy rates during the ANT task were very high (mean 98, SD 2.5, for control subjects and mean 96.23, SD 7.22, for TBI subjects). No significant difference (p = 0.28) was found between the two groups. In the TBI subject population, reaction time (mean 815.94, SD 182.54 ms) across all conditions was significantly (p = 0.00008) slower compared with control subjects (mean 609.95, SD 99.98 ms; [Fig. 2](#f0010){ref-type="fig"}, top right).Fig. 2Group differences in behavior. Analysis of behavior reveals differences between TBI subjects and control subjects in reaction time and executive network scores.Fig. 2

3.2. ANT network behavior {#s0055}
-------------------------

With regard to the ANT parcellation into alerting, orienting and executive components ([Fig. 2](#f0010){ref-type="fig"}, bottom), calculated from differences of median reaction times between conditions (see Methods), TBI subjects differed from control subjects (p = 0.0473) only in the executive network (TBI subjects - mean 115.27, SD 48.30; control subjects - mean 90.60, SD 25.08). Alerting network (mean 15.25, sd 25.57, for control subjects, and mean 17.73, sd 18.43, for TBI subjects) and orienting network (mean 58.5, sd 24.07, for control subjects, and mean 67.84, sd 26.07, for TBI subjects) were comparable between the groups (p = 0.78 and p = 0.29 respectively).

3.3. Electrophysiological results {#s0060}
---------------------------------

### 3.3.1. Executive network/condition activity: individual subjects {#s0065}

In Supplementary Fig. 7 we show the individual results of the EEG power spectral analyses as a topographical map for all thirteen TBI subjects and for all twenty four control subjects, with the incongruent and congruent flanker trials separated. Examinations of EEG spectral power changes showed variable patterns across individuals with no consistent patterns across condition and group.

### 3.3.2. Executive conditions: principal components (PC) and behavior {#s0070}

#### 3.3.2.1. Condition specific analyses {#s0075}

We first conducted PCA on each of the conditions (congruent and incongruent) separately. For TBI subjects, this resulted in 12 (13 subjects minus 1) principal components (PC) for each of the conditions. We then represented the individual subject (power at each frequency) in each of the extracted PCs. Then, we sought the relationship of this representation (for each of the extracted PC\'s) with executive attention (as this network showed evidence of difference in comparison of control versus TBI subjects). For both conditions, the second PC, only, had a significant correlation with executive attention: r = 0.62, p = 0.0221 for congruent and r = − 0.66, p = 0.0137 for incongruent (see Supplementary Fig. 2 for correlations with every PC). In the congruent condition, the second PC (shown in [Fig. 3](#f0015){ref-type="fig"}, the sign of the PC is reversed for display purposes) shows increased delta activity (2.5 Hz), increased midline frontal theta (5 Hz) and suppression of frontal (left and midline) beta. In the incongruent condition ([Fig. 3](#f0015){ref-type="fig"}), similar increases in delta are seen but the midline frontal theta increases and midline frontal beta decreases are more focused. Note that the increases and decreases shown here are in comparisons with the period following the target to the period before it (i.e. baseline). The second PC from both the congruent and incongruent conditions had a similar correlation with behavior (r = 0.62 and r = − 0.66) and was similar to each other in frequency and spatial patterns. This visual similarity is supported by high levels of correlation of the scalp topographies in several frequency bands (see [Fig. 3](#f0015){ref-type="fig"}).Fig. 3Second principal components for executive network (TBI subjects): Frequency bands shown have a ± 2.5 Hz frequency resolution width. Correlation between the second principal component of congruent and incongruent conditions are shown (r) with \* (p \< 0.05) and \^ (Benjamini-Hochberg false discovery rate correction). Correlation between TBI subjects represented in the second principal components and the executive network: congruent (r = 0.62, p \< 0.05, sign reversed for display), incongruent (r = − 0.66, p \< 0.05), combined (r = − 0.67, p \< 0.01).Fig. 3

#### 3.3.2.2. Condition combined analyses {#s0080}

Because of the similarities between each of the target conditions (see [Fig. 3](#f0015){ref-type="fig"}) we combined them and repeated the analysis to extract twenty five (26 rows: 13 × 2 minus 1) principal components. We find that representation of the TBI subjects in the second PC space, only (see Supplementary Fig. 2), had a strong and significant relationship with behavior: r = − 0.67, p = 0.0064 (13 degrees of freedom), s.e. 0.03 (jackknife). The second PC (PC2) of this combined analysis, showed the same focused strong increase in theta power over the frontal midline regions with a concurrent decrease in beta power over the same localized regions ([Fig. 3](#f0015){ref-type="fig"}). In [Fig. 4](#f0020){ref-type="fig"}, we display the relationship between the representation of subjects in PC2 and their executive network (shown separately for each flanker condition).Fig. 4Second principal component from combined analysis vs Executive network (TBI subjects): Significant correlation between executive network and PC2 (score) for TBI subjects: r = − 0.67, p \< 0.0064 (13 degrees of freedom), jackknife s.e. 0.03.Fig. 4

Similar analyses were conducted for control subjects\' only. Correlating the PC\'s generated from controls only with their executive attention did not result in any significant relationship. This could be due to homogeneity in their performance (control: variance to mean ratio = 6.94, variance = 629.11; TBI: variance to mean ratio = 20.24, variance = 2333.1, p = 0.0068 (two-sample F-test)). However, projecting the TBI subjects\' EEG data into the control subjects\' principal component space (see Supplementary data 5) and correlating with their (TBI subject) executive attention score resulted in a significant relationship with PC2 (r = − 0.4794, p = 0.0132). Importantly, the PC2 extracted from the control subjects\' only shows an increased midline frontal theta (also extending into posterior regions) and suppression of frontal high beta, similar to the PC2 (extracted from TBI subjects) shown in [Fig. 3](#f0015){ref-type="fig"}.

#### 3.3.2.3. Multiple corrections for principal components {#s0085}

The finding of a PC that is so strongly correlated (r = − 0.67) with executive attention is unlikely to be due to chance, and finding one that explains as large a fraction of the variance (2nd PC) is even more unlikely. To show this, we created 5000 surrogate datasets in which the executive attention measure was randomly permuted across subjects, while maintaining the same pairings of measures across the two conditions for each subject. In each surrogate dataset, we determined whether any PC had a correlation as high as what we observed, thus taking multiple comparisons (all PC\'s) into account. Of all surrogates, only 3% had any PC with a correlation at this level. When a PC did have a correlation at this level, it was rarely as large as the component found in the data: The first PC was never responsible, and in only 0.8% of the 5000 cases, was the second PC responsible.

3.4. Results conclusion {#s0090}
-----------------------

Because the executive attention network was the only one to show a difference between the groups (TBI and healthy controls) we focus here only on these results. However, similar analyses exploring a relationship between the EEG during the cued conditions (EEG data before and after cue) and their respective ANT alerting and orienting networks were conducted. None of the principal components in the TBI group only analyses had a significant relationship with alerting and orienting networks.

The results of both the TBI and control subjects executive network analyses (condition specific and combined) demonstrate the consistency of PC2; midline frontal theta increase and frontal beta suppression appear consistently and has a significant relationship with TBI subjects\' executive attention score. The significant relationship between the TBI subjects\' executive attention behavior and the control subjects\' only PC2 is also promising for future studies of single subjects.

4. Discussion {#s0095}
=============

In this study, we sought to derive an individually specific physiological measure of the executive attention deficit in chronic TBI subjects. Here we find evidence that dynamic activity in cortical regions reflected in a specific spatiotemporal EEG pattern of joint variance - increase in midline theta (5 ± 2.5 Hz) EEG power, and decreases in frontal midline beta power (17.5 ± 5 Hz), *specifically indexes deficits in executive attention after TBI*. Importantly, this specific pattern, as expressed in the extracted feature (PC2) of the ANT executive network, can be interpreted in the context of known functional networks supporting executive attention and the specific anatomic pathologies underlying TBI. As discussed below, PC2 likely reveals the functional recruitment of the anterior forebrain network across medial frontal regions and because of their strong anatomical connections and joint activity patterns, central thalamic neuronal populations known to be selectively vulnerable to dysfunction across the spectrum of injury severity following TBI ([@bb0010], [@bb0045], [@bb0220], [@bb0175], [@bb0200], [@bb0285], [@bb0290])

4.1. PC2 identifies frontal midline systems supporting executive attention and vulnerable to functional deafferentation after multi-focal injuries {#s0100}
--------------------------------------------------------------------------------------------------------------------------------------------------

The increase in theta, coupled with the decrease in beta within the frontal midline, extracted by PCA, supports the hypothesis that the extracted component reflects the integrity of anterior forebrain resources during the period in the task when decision-making occurs i.e. for holding set and conflict monitoring. It is important to note that the activity in PC2 reflects the activity post-target after accounting for any pre-target (post-cue) changes (baseline subtracted). However, the similarities between the electrophysiological patterns extracted for both congruent (no conflict) and incongruent (conflict) trials demonstrate that the contributions of these regions are not specific to executive decision making but have a more general role in attentional effort, as lesion and imaging studies indicate ([@bb0110]). Specifically, this activity pattern is likely to reflect the adaptive control, response inhibition and task monitoring (as discussed below) required for successful completion of the task and not the processing delays (significantly slower reaction time), which may additionally reflect motor impairments and motor planning deficits in TBI subjects. Combining both of these conditions results in the strong statistical correlation with PC2 ([Fig. 4](#f0020){ref-type="fig"}), which likely originates in the engagement of the midline frontal resources independent of the condition (congruent vs incongruent).

The most prominent and spatially focused finding in PC2 is the joint increase of frontal midline theta power and decrease of beta power. In isolation, frontal midline theta power is known to grade and modulate with cognitive demands during attentive behaviors ([@bb0155]). These include specific executive attention functions such as task monitoring and error detection ([@bb0210], [@bb0060]), sensorimotor integration ([@bb0035]) and time-pressure reaction time responses ([@bb0300]). While our methods preclude inferences about the source, the involvement of the midline frontal regions, particularly anterior cingulate cortex (ACC) is suggested by the following studies. Frontal theta is known to originate from frontal midline generators (ACC) as studied in both humans ([@bb0270], [@bb0345]) and non-human primates ([@bb0320]). More generally, the contribution of the ACC towards executive or conflict attention and simple reaction time tasks have also been characterized using blood flow ([@bb0240]), event-related fMRI in healthy controls ([@bb0100]), schizophrenic patients ([@bb0040]), and non-human primates ([@bb0250]). Frontal beta suppression also arises prominently in the second PC and is a reliable marker of the engagement of attentional and executive resources for an expected stimulus and response ([@bb0065], [@bb0060]) and with motor preparation in visuomotor attention tasks ([@bb0085], [@bb0120], [@bb0030]).

The identification of a single component with a distinct frontal midline origin is also consistent with the known pathology of TBI. Severe TBI is more likely to damage medial frontal cortical and subcortical regions, including fronto-striatal and thalamo-frontal projections ([@bb0315], [@bb0355]), whereas orbitofrontal and temporal polar zones are usually implicated in mild and moderate TBI ([@bb0085], [@bb0120]). Moreover, damage to the medial frontal cortices and the thalamus after TBI has been directly linked to executive attention deficits in other studies ([@bb0245], [@bb0200], [@bb0160]) and can be understood in the context of the vulnerabilities of the connections between the medial frontal cortices and thalamus as a function of the severity of injury. In severe TBI a graded relationship between deafferentation of central thalamic neurons and outcomes ranging from moderate disability to vegetative state has been established in autopsy studies ([@bb0220]). The central lateral nucleus neurons show the first evidence of cell loss, reflecting their broad innervation across the frontal cortices and striatum; these neurons have been demonstrated to strongly activate the entire fronto-striatal system ([@bb0205]). The same central thalamic neurons have extensive afferent connections to the ACC ([@bb0020]) and likely account for the functional imaging studies demonstrating co-activation of thalamic and ACC populations during allocation of short-term attention ([@bb0235]). Similar joint increases in theta power and decreases in beta power arise with recruitment of central thalamic neurons during the short-time allocation of sustained attention ([@bb0295]). Finally, the selective loss of neuronal populations within medial frontal cortices, anterior cingulate, and the thalamus in a comparable group of TBI in subjects with measured executive function deficits using ^11^C Flumazenil-PET and ^18^FDG-PET supports the pathophysiological origin of impaired function across these regions ([@bb0170], [@bb0175]). Thus, the ability to dynamically recruit frontal midline resources observed here may reflect reduced capacity to dynamically allocate resources across the frontal and pre-frontal cortical regions that underlies an impaired response to complex task demands ([@bb0210], [@bb0140]) as a result of functional deafferentation of the medial frontal cortices and central thalamus.

4.2. Comparison with other studies {#s0105}
----------------------------------

In previous studies, deficiencies in both orienting and executive attention have been identified in subjects immediately following mild TBI ([@bb0335]) while long-term deficiencies in executive attention, similar to our findings, have been shown for both mild and severe TBI ([@bb0135], [@bb0275]). Decreased processing speed has also been associated with attentional impairment in TBI ([@bb0350]). The EEG correlates of ANT-derived attentional networks have been characterized in both healthy adults and the elderly ([@bb0090], [@bb0070]). [@bb0090] analyzed group-averaged dipole-modeled spectrograms, which showed task-related theta, alpha, and beta power decreases and associated increases in gamma power, in predefined cortical and subcortical regions of interest. Similarly, a study of averaged surface EEG found that young subjects showed more widespread alpha oscillations while the elderly subjects demonstrated more beta suppression ([@bb0070]). In comparing our findings with these prior studies, we note that using PCA allowed us to extract spatial patterns of joint variance across theta, and beta rhythms, which could be compared across individuals, an advantage over the existing methods.

We also examined ERPs, which showed no evidence of statistically significant group effects (using *t*-test and corrected for multiple comparisons, Supplementary Fig. 6). Prior ERP studies in TBI have revealed markers of cognitive deficits (for review, see [@bb0080]), but in this study the high accuracy (96% for TBI subjects and not significantly different from control subjects) and the small group size (n = 13) may have contributed to the negative ERP finding. Additionally, the high dimensionality of the data and averaging might obscure individual subject differences. Thus, when using this paradigm, the ability to resolve both group and individual differences in TBI subjects versus control subjects using PCA and the multi-channel within-task EEG is an advantage over a more traditional method.

Finally, while we did not find a significant correlation between the EEG activity of the orienting and alerting networks and their behavioral measures in this chronic (average 24 months post-injury) population, the results might be different with a larger sample size and in a more acute population with more pronounced deficiencies ([@bb0335]).

4.3. Limitations {#s0110}
----------------

The primary limitations of this current study are related to the small group size limiting generalizability of this study. However, despite the small patient group size and the known heterogeneity of TBI ([@bb0130], [@bb0195]), we found a strong and significant correlation of executive attention with its associated electrophysiological patterns extracted using PCA. Most importantly, the robustness of our results is further validated by a similar PC extracted from an out-of-sample group of control subjects only (Supplementary Fig. 5).

4.4. Theoretical implications {#s0115}
-----------------------------

This study, which is the first to link impaired executive attention to physiological measures in the EEG at the individual subject level, has several theoretical implications. Most importantly, it provides evidence that the underlying neuronal deficit producing executive attentional impairment after traumatic brain injury takes its primary origins in the dynamic recruitment of frontal lobe resources. Specifically, it identifies the impaired recruitment of midline frontal regions and invites further characterization of the structural and functional alterations of networks within these regions. Further, the individualized analyses developed here can be applied not only to tracking of spontaneous recovery, but also to examine the impact of instrumental manipulations (such as targeted pharmacotherapy or electrical stimulation) of the medial frontal systems inferred, here, as generators of the reporting signal in PC2. Such approaches will allow for linkage of the dynamical element identified in PC2 to the local neuronal populations and specific network activity supporting their contribution to executive attention.

5. Conclusions {#s0120}
==============

Our findings that dynamic recruitment of frontal lobe resources during effortful attention indexes attentional deficits have implications for rehabilitation and therapeutic interventions in TBI. As reviewed above, recruitment of frontal midline theta power and suppression of beta power, as shown here, are both consistently linked to engagement of frontal-thalamocortical systems responsible for executive attention and more broadly with arousal regulation. Thus the failure to adequately recruit these resources after TBI is a proxy for the functional integrity of subsystems supporting on-demand resource allocation within the anterior forebrain. Our results also indicate that greater recruitment of these resources is evident in patients with better behavioral performance, which may represent compensatory mechanisms. As such our findings further direct efforts that modulate and target brain regions within the anterior forebrain arousal regulation mesocircuit, as they may prove to be efficacious in the recovery after traumatic brain injury ([@bb0190], [@bb0205]). Our findings also suggest that the effectiveness of cognitive rehabilitation may depend on facilitating the allocation of adequate executive-attention resources in response to adaptive, task-dependent cognitive challenge, rather than the exercise of isolated cognitive functions ([@bb0050]).
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